applied transport theory to model the ␦ 18 O data of the Glarus thrust. They treated the Glarus thrust as a 1-D system along which 18 O depleted fluids flowed northward, thereby displacing and broadening an initially sharp isotope front by advection and dispersion. The model of Bowman, Willett, and Cook (1994) suffers several weak points. First, they were obliged to use an unaltered initial ␦ 18 O value of 20 permil for the pre-existing carbonate in order to obtain a reasonable fit with the data instead of the 25 to 26 permil value proposed by Burkhard and others (1992) . Secondly, their model was built on a limited data set from the Lochsitenkalk mylonite only. Finally and most importantly at this time, no data about isotopic variations across the thrust were available.
The aim of this paper is to define the flow pattern associated with the Glarus thrust by considering isotopic variations along and across the Glarus overthrust through extended sampling. We start with the establishment of a detailed isotopic characterization of the calc-mylonite along the thrust on the km-scale. In addition, vertical profiles on the m-scale have been sampled in order to constrain the vertical flow components. 87 Sr/ 86 Sr data provide information about the influence of "basement" derived fluids. Together, these data define complex isotope fronts. Their shape and size is used to infer fluid flow parameters. 
18
O values from the Lochsitenkalk mylonite on a schematic north-south cross section of the Glarus thrust. The range of whole rock isotopic composition for different potential fluid reservoirs is indicated to the right of the ␦
O scale using the corresponding shading (modified after Burkhard and Kerrich (1990) geological setting
In the Eastern Helvetic Alps of Switzerland ( fig. 2 ), tectonic units are subdivided into a "Helvetic complex" above and an "Infrahelvetic complex" below the Glarus thrust (Pfiffner, 1981; Pfiffner, 1993) . The Helvetic Glarus nappe comprises the Permian Verrucano Formation (VF), which consists of a clastic series of predominantly siltstones and shales with some conglomeratic units and rare volcanoclastic horizons overlain by a concordant Mesozoic series. The "Infrahelvetic" complex consists of a crystalline basement overlain by a parautochthonous sedimentary cover of Mesozoic carbonates and Tertiary Flysch with some allochthonous south Helvetic and Penninic (Sardona) Flysch ( fig. 2B ). The latter were emplaced upon the parautochthonous cover in early Oligocene times during the "Pizol phase" (Pfiffner, 1977) . In a second, Pfiffner (1993) and Schmid and others (1997) . The accessible part of the Glarus overthrust is indicated within the box. (B) Cross section of the Glarus Alps in eastern Switzerland (according to Oberholzer, 1933) . Some sampling sites are indicated. main deformation stage (Calanda phase), the whole Infrahelvetic complex and Basement was intensely folded and imbricated. Final emplacement and thrusting of the Glarus nappe (Ruchi phase) post-dates these deformations (Pfiffner, 1977) in an out-of-sequence manner. Despite this out-of-sequence character, the Glarus overthust generally cuts up-section from south to north ( fig. 2B ). In the southernmost exposures, the Verrucano is thrust over parautochthonous Late Jurassic and Early Cretaceous limestones, whereas farther north it overlies a more than kilometer thick sequence of Flysch, consisting of marly shales, sandstones, and conglomerates ( fig. 2B ). An intermediate thin layer (Ͻ1 to 5 m thick) of intensively deformed calc-mylonite, the so-called Lochsitenkalk (LK), accommodated a large part of the 35 kilometers of thrust-translation towards the north (Schmid, 1975; Schmid, Boland, and Paterson, 1977) .
Metamorphism ranges from anchizone in the north and in the footwall Flysch to lower greenschist facies in the south and in the hangingwall (Frey, 1988; Rahn and others, 1995) as determined from illite crystallinity, mineral parageneses, vitrinite reflectance, and fluid inclusions. The peak of this metamorphism post-dates the Calanda phase deformations (Groshong, Pfiffner, and Pringle, 1984) estimated at 30 to 25 Ma. The "anchizone-/epizone-boundary" is offset along the Glarus thrust by about 2 kilometers (Groshong, Pfiffner, and Pringle, 1984; Frey, 1988) as the result of post-peak-metamorphic thrusting between 25 and 20 Ma (Hunziker and others, 1986) .
methodology

Sampling Strategy
The Glarus thrust is magnificently exposed over 15 kilometers from north to south by 21 kilometers from east to west. This configuration allowed for a detailed mapping of the carbon and oxygen isotope pattern in three dimensions as a function of structural setting, metamorphic grade and lithological changes within the footwall. Regional trends are well constrained by more than 30 sampling sites chosen along the thrust ( fig. 3 ). The location of individual sites has been determined according to a regular grid of 5 kilometer spacing. The final distribution is irregular, however, depending on outcrop conditions. At each site, we attempted to characterize the isotope composition (␦ 18 O, ␦ 13 C) of calcite of the footwall, the calc-mylonite and the hangingwall. Special emphasis has been placed on the calc-mylonite, and up to 15 hand specimens have been obtained from this very thin horizon at each sampling location. In the case of favorable outcrop conditions, a complete vertical profile across the thrust has been sampled, typically starting 5 meters below the thrust and ending some 10 meters above. Sample intervals were chosen in the decimeter range close to the thrust, metric farther away. Detailed vertical profiles have been acquired for ten sites ( fig. 3 ). Syntectonic veins from within the hangingwall (VF) and the footwall (Tertiary Flysch or Mesozoic carbonates) have been sampled for a comparison of their stable isotope composition with the surrounding matrix.
Analytical Techniques
For the determination of the ␦ 18 O and ␦ 13 C of calcite, 10 to 50 grams of each pre-cleaned rock sample were crushed with a "jaw" crusher to obtain small rock chips (1 to 5 mm), about 10 grams of which were ground again to a homogeneous powder with particle size Ͻ40 m. A tungsten carbide drill bit with a diameter of 3 millimeters was used for the sampling of veins and adjacent matrix. In the case of samples with very small but abundant veins, bulk rock (vein and matrix) and matrix were analyzed separately; the matrix alone was obtained with the drill.
For the determination of ␦
18
O and ␦
13
C of calcite, bulk rock powders with an equivalent 0.1 to 0.3 milligrams carbonate content were loaded into individual glass vials. CO 2 was extracted by reaction with 102 percent H 3 PO 4 at 70°C for four minutes on a Finnigan Kiel II device. The CO 2 was analyzed on line with a Finnigan-MAT Delta plus isotope ratio mass spectrometer. Reproducibility of replicate measurements was better than 0.1 permil (1) for both ␦ 18 O and ␦
C. In addition to bulk rock samples, we analyzed carbonate micro-samples from selected hand specimens. The micro-samples were taken with a dentist drill from polished rock surfaces.
Oxygen isotope analyses of silicates were done on a laser fluorination line of the design described by Sharp (1990) . Samples of one to two milligrams were reacted in a BrF 5 atmosphere under a slightly defocused 25 W CO 2 laser beam. The liberated oxygen was separated from excess reagent and reaction by-products cryogenically and by means of a 20 centimeter KBr column kept at 120°C. O 2 was collected on a molecular sieve at liquid nitrogen temperatures and finally expanded into the variable volumes of a Finnigan Delta plus isotope ratio mass spectrometer. UWG-2 garnet (Valley and others, 1995) was used as an internal standard. Reproducibility of replicate measurements was better than 0.15 permil (1). Oxygen isotope compositions are given in the conventional ␦-notation relative to V-SMOW.
Ratios of 87 Sr/ 86 Sr were determined at the School of Earth Sciences, University of Leeds. Three selected pre-cleaned slabs of calc-mylonite from three different sites along a north-south profile were used for these analyses and 44 aliquots were obtained using a diamond-tipped dental drill. Sample size varied from 2 to 3 milligrams with a spatial resolution of 1.6 millimeters and a hole depth of 50 m. In order to obtain data Fig. 3 . Simplified tectonic map of the Glarus Alps in eastern Switzerland (modified after Oberholzer, 1933) . Sampling sites are indicated together with the sites that refer to figures 6, 7, 13, 14 and 16. for pure calcite, aliquots were initially treated with 2.5M HCl at room temperature in screw-top Savillex capsules. Sr was isolated using standard ion exchange technique. For mass spectrometry, Sr was loaded using H 3 PO 4 on a single Ta filament. It was then analyzed on a fully automated VG-54E multi-collector mass spectrometer. All Sr data were fractionation corrected to 88 (Hunziker and others, 1986) , age corrections of the data for radiogenic Sr are negligible (Burkhard and others, 1992) . The total estimated error is Ϯ 0.00003.
The mineralogical composition of Verrucano samples, taken at 100 meters above the thrust at five specific localities along a north-south profile, was obtained by a combination of XRF for major elements and XRD to identify the different mineral phases present in each sample. About 10 grams of rock powder were used for the XRF analyses and transformed in glassy pastilles with Li-borate that have been analyzed on a Philips PW 2400 spectrometer at the Mineralogical and Petrography Institute of the University of Fribourg (Switzerland).
XRD analyses of the whole rock were carried out at the Geological Institute of the University of Neuchâtel. 800 milligrams of the powder were pressed (20 bars) in a powder holder covered with a blotting paper and analyzed by XRD. Semi-quantitative mineralogical rock composition was determined by XRD (SCINTAG XRD 2000 Diffractometer) based on methods described by Ferrero (1965 ), Ferrero (1966 , Klug and Alexander (1974) , Kübler (1983 ), Rolli, (1990 .
A normative mineralogical composition was calculated based on the elemental composition obtained by XRF and on the semi-quantitative XRD determination of the following minerals: apatite, titanite, albite, calcite, dolomite, muscovite, Fe-Mg chlorite and quartz. (Burkhard and others, 1992) . Two regional trends can be identified on the ␦ 18 O surface ( fig. 4) . The values increase from 11 permil in the southeastern exposures to 20 permil farther north. A flattening out at about 20 permil is observed north of the Carbonate-Flysch boundary in the footwall. These trends can also be identified on fig. 5 . A striking south-north gradient in the southern part and the flattening out of the values in the north are observed. Despite these obvious regional trends, the calc-mylonite oxygen isotope composition is far from homogeneous. Heterogeneities are large in the south, where they reach 8 permil in individual sites, while in northern sites variations never exceed 3 permil.
A region with slightly higher values of up to 22 permil is found in the northwest ( fig. 4) O values (14 to 22 permil), compared to their expected marine signature of 25 permil, are found up to 7 meters below the thrust contact. They describe a smooth gradient from the contact down into the footwall. Calc-mylonite samples range from 10 to 16 permil.
Carbon isotope compositions of calcite range from 2.3 permil to -5 permil (␦ 13 C PDB). A very sharp gradient of ␦ 13 C is documented across the thrust contact ( fig. 6 ). Values of calcite in the mylonitized hangingwall show a conspicuous trend of decreasing values from around Ϫ2 permil close to the thrust to Ϫ5 permil at about 1 meter and higher above the thrust. The width of this alteration zone corresponds quite well to the one observed in ␦ fig. 7 ). This contrasts with a much higher scatter observed in the south (see fig. 6 ). Carbon isotope composition (␦ 13 C) of calcite ranges from 2.3 permil to -6 permil ( fig. 7 ), comparable to that of the southern sites. ␦ 13 C values of calcite in the mylonitized hangingwall show a marked trend of decreasing values from around -2 permil close to the thrust to -6 permil at about 6 meters above the thrust. In the footwall Flysch, the ␦ 13 C values of calcite are quite homogeneous. No trend with respect to distance below the thrust contact could be detected. ␦ 13 C values in the footwall Flysch range from Ϫ0.5 permil (at Chuebodensee) to 2 permil (at Lochsite). Within the calc-mylonite, the ␦ 13 C values show little variation and are similar to those of the footwall. In the northern sites, ␦ 13 C and ␦ 18 O vertical profiles display the same features. A smooth gradient prevails in the hangingwall, whereas the ␦ 13 C and ␦
18
O values are homogeneous in the footwall, independent of the distance to the thrust contact. This correlation of ␦ 13 C and ␦
O vertical profiles in the north strongly contrasts with the southern sites where the ␦ 13 C and ␦ 18 O vertical profiles are completely different.
"Background" Oxygen Isotope Composition of the Verrucano Formation
To constrain potential large-scale ␦ 18 O variations within the Verrucano hangingwall, 6 whole-rock samples from 5 sites along a south-north profile were examined. The "normative" mineralogical composition and the ␦ bulk rock. One exception is present at Kärpf, with a mean ␦
18
O value of 15.5 permil for calcite and about 14.5 permil for the bulk rock. In addition, the ␦ 18 O of quartz in equilibrium with the whole rock was calculated for each sample ( fig. 8 ), based on the normative mineralogy, an assumed temperature of 300°C and standard isotopic fractionation factors (Clayton, Goldsmith, and Mayeda, 1989; O'Neil, Clayton, and Mayeda, 1969) . Mineralogically, a systematic trend of increasing quartz and muscovite content towards the north at the expense of chlorite is documented. This trend is reflected in the calculated ␦ 18 O composition of quartz, decreasing slightly from 16 C values of calcite versus vertical distance across the Glarus thrust from three localities in the northern part of the study area ( fig. 3) . The gray shaded area represents the Lochsiten calc-mylonite at the thrust contact. The hangingwall consists of Permian Verrucano siltstones, the footwall of Tertiary Flysch. The 0 reference on the vertical scale corresponds to the septum, a planar horizon that crosscut all internal structures of the calc-mylonite. permil Ϯ1 to 15 permil Ϯ1. However, with one out of the 5 sampling sites being an outlier (17 permil Ϯ1), this trend is hardly significant. Sr values corresponds to a sub-millimeter-sized alternation of white/yellow layers and dark stylolitic seams. The light layers are easily recognized as strongly deformed veins. This zone corresponds to the true calcmylonite known as Lochsitenkalk. In the two slabs from Fuorcla Sura and Vorab Pign, 87 Sr/ 86 Sr values follow a decreasing trend towards a typical marine carbonate signature of 0.708. Petrographically, these trends have been identified within gray mylonitized footwall carbonates with very little veiny material. At Sardona, no decreasing trend was observed. Veiny Lochsitenkalk mylonite is 2 meters thick here and no mylonitized Mesozoic carbonate has been identified. Moreover, the alternation of white/yellow layers and dark stylolitic seams is intensively folded and disrupted. (Bowman, Willett, and Cook, 1994; Burkhard and others, 1992) . A possible scenario to explain the observed pattern is migration of 18 O depleted, externally-derived fluids in a pre-existing limestone or calc-mylonite along the thrust. The oxygen isotope signature of the presumed marine Helvetic carbonate protolith should be around 25 permil (Burkhard and others, 1992) . A ␦ 18 O of 6 permil for the infiltrating fluid is inferred from the observation of ␦
18 O values as low as 11.5 permil in the southernmost exposures of the calc-mylonite and a calculated oxygen isotope fractionation of 5.5 permil for H 2 O-calcite at 300°according to O'Neil, Clayton, and Mayeda (1969) . Such fluids could be derived either from the overlying Verrucano or from dehydration of the Infrahelvetic Basement during prograde metamorphism in the footwall and root zone of the thrust. We favor the latter solution; a Verrucano origin is rejected because there is no reason why and how a north-south front should have developed above marine carbonates found in the footwall of the southern Glarus thrust. Furthermore, the Verrucano hangingwall is considered as an unlikely fluid source during thrusting deformation which at least partly post-dates metamorphism in this formation. Farther north, however, where Verrucano is overriding Tertiary Flysch series, the calc-mylonite clearly interacted with fluids derived from the adjacent footwall.
As predicted by transport theory (see Baumgartner and Rumble, 1988; Bickle and McKenzie, 1987) , an original step-like isotopic front will be displaced by advective fluid transport in the direction of flow by a distance proportional to the total flux. Coupled advective and diffusive/dispersive transport will result in displacement and broadening 1 of the front. Dispersion is the process of mixing that is due to the heterogeneity of velocities caused by tortuosity in the porous medium.
Assuming equilibrium exchange, the position of the front with respect to the supposed fluid inlet bears information on the time integrated fluid flux (TIFF) along the thrust. The shape of the front, in particular its distension with regard to a supposed initially sharp front, contains information on the amount of diffusive/dispersive contributions to material transport. In advective diffusive/dispersive transport, an initially sharp front is broadened symmetrically around the advectively displaced position of the initial front. The diffusive/dispersive broadening of an initially sharp front between two different fluid reservoirs is governed by (Crank, 1975) :
where R f is the composition in equilibrium with the infiltrating fluid, R r is the composition in equilibirum with the protolith, u ϭ D*t and u is referred to as the characteristic length of dispersion/diffusion, t is time and D is the effective dispersion/ diffusion coefficient. The parameter , ϭ *t, gives the advective displacement of the front with respect to its original position, where is the mean interstitial particle velocity.
The parameters u and may be obtained from fitting the function R(x,t) to the observed data south of the carbonate-Flysch boundary in the footwall by non linear least square minimization ( fig. 11 ). This procedure yields a D*t of 2.3 and 0.38 km for the western and eastern cross section, respectively, and advective front displacements of 5.9 and 3 kilometers for the western and eastern cross sections, respectively ( fig. 11 ).
There is no rigorous way to extract either time t, D or from this result. However, if either one is specified, the others are fixed by the front geometry. If oxygen dispersivities/diffusivities are calculated for geologically meaningful time scales, then effective oxygen dispersivities/diffusivities on the order of 10 -12 to 10 -10 m 2 /s are obtained (see table 1 ). It must be underlined that these are effective dispersivities/ diffusivities. The effective dispersion/diffusion coefficient of a species in the pore fluid 1 Distension of sharp fronts may also occur if the rate of fluid-rock reaction is slow compared to fluid infiltration velocities (Abart, R., and Pozzorini, D., 2000; Abart, R., and Sperb, R., 1997; Bowman, J. R., Willett, S. D., and Cook, S. J., 1994; Lassey, K. R., and Blattner, P., 1988).The Damköhler number N D is defined as: where q is the volumetric fluid flux, L is a scaling distance, is the porosity and k k is the reverse rate of isotopic exchange. q/ is known as the mean interstitial particle velocity . N D relates the rates of advective transport and mineral-fluid exchange. High Damköhler numbers stands for scenarios with relatively rapid isotopic exchange rates, that is, close to local equilibrium exchange.
of a porous medium, D, is related to the diffusivity of the same species in the free fluid, D 0 , by: O of the calc-mylonite at each site. Only those sites where footwall is represented by carbonates were considered to fit the curves with the data. A western and an eastern cross-section have been distinguished to avoid comparison of sites that are more than 10 km apart. N Pe , the Pecklet number, expresses the relative contribution of advective to diffusive/dispersive transport mechanisms. t is time and D is the effective oxygen dispersion/diffusion coefficient. D*t is referred to as the characteristic length of dispersion/diffusion. *t, gives the advective displacement of the front with respect to its original position, where is the mean interstitial particle velocity.
where is the tortuosity and is the porosity of the porous medium. The diffusivity of the H 2 O species in water is about 5 ⅐ 10 -8 m 2 /s at 300°C (experimental data compiled by Franck and others, 1996) . The porosity in geologic materials may vary considerably, whereas tortuosity may only vary between Ͻ1 and 0.1.
If were 10 -2 and were 0.1, an effective dispersivity/diffusivity of 5 ⅐ 10 Ϫ11 m 2 /s, and if were 10 -3 and were 0.1, an effective dispersivity/diffusivity of 5 ⅐ 10 Ϫ12 m 2 /s would be calculated from the experimental data. This is at least two orders of magnitude slower than the phenomenological oxygen diffusivities/dispersivities obtained for geologically relevant time scales from the geometry of the ␦ 18 O front along the Glarus thrust. Hydrodynamic dispersion in the course of flow along the thrust may be responsible for the enhancement of oxygen diffusion/dispersion.
If the distance of displacement of the front (*t) is known, the total flux can be calculated. In the case of the Glarus thrust, the initial position of the front is uncertain, because the root zone of the thrust is not exposed and the geometry of the different lithological units and potential fluid sources in the root zone are not known. One may, however, obtain a minimum estimate of the time-integrated fluid flux (TIFF), if the northernmost conceivable position of the fluid inlet is considered. Bowman and others (1994) placed the fluid inlet at Grauberg (compare with fig 11) . We shift the position of the fluid inlet farther south to a position where the mean ␦
18 O values of all model fronts coincide with the presumed fluid buffered composition of the calc-mylonite to within 0.1 permil.
The inferred front displacements, (*t), are 5.9 and 3 kilometers for the western and eastern cross-sections respectively. The time integrated fluid flux is related to front displacement by:
where Kd, known as the solid/fluid partition coefficient, expresses the partitioning of oxygen between equivalent volumes of rock and pore fluid. Kd is given by:
where nO rock and nO fluid give the number of moles of oxygen per mole of rock and fluid, respectively, and V fluid and V rock refer to the molar volumes of fluid and rock. Considering the calc-mylonite as pure calcite and the fluid as pure water at 300°C and 3 
Fluid flow parameters along north-south profiles
Fluid flow parameters deduced from fitting curves with ␦
18
O data of calc-mylonite along two north-south profiles. The calculation is based on transport theory. t is time, D is the dispersive/diffusive coefficient and is the mean interstitial particle velocity for the channelized flow system that occurred in the southern part of the Glarus overthrust. A western and an eastern cross-section have been distinguished to avoid comparison of sites that are more than 10 km far from each other. Bowman, Willett, and Cook, 1994) for the eastern and western cross sections, respectively. From a comparison of the characteristic length of diffusion (D*t) and the displacement (*t) of the front with respect to its presumed initial position, the relative contributions of advection and diffusion/dispersion may be estimated (N Pe ϭ L/D).
2 The /D ratios for the eastern and western cross-sections are 7.89 and 2.56. If this is multiplied with an arbitrarily defined scaling length L ϭ 5 km (compare Bowman, Willett, and Cook, 1994) , Pecklet numbers N Pe (1) of 39.47 and 12.82 result for the eastern and western profiles, respectively ( fig. 11 ) and indicate a very important role of dispersion/diffusion (compare Bowman, Willett, and Cook, 1994) .
It must be stated that the above model is strictly one-dimensional and therefore does not consider the influence of footwall or hangingwall on the isotopic signature of the calc-mylonite. The isotopic alteration of the uppermost five meters of the footwall carbonates and the lowermost 1 meter of the hangingwall indicates that the infiltrating fluid also exchanged its oxygen with the isotopically heavy footwall as well as, to a lesser extent, with the isotopically relatively light hangingwall. This scenario may be envisioned as a loss of tracer into the country rocks of a thrust parallel fluid conduit. The net effect of such transversal tracer loss is to increase the retardation of the oxygen front with respect to the strictly one dimensional scenario. The inferences made from the 1-D model must therefore be considered as minimum estimates of both integrated fluxes and characteristic length scales of diffusion.
Towards the north, the O-isotope front measured within the calc-mylonite deviates significantly from an ideal symmetric shape predicted by transport theory for flow along the thrust in a pre-existing carbonate with an initial ␦ 18 O marine signature of 25 permil ( fig. 11 ). The front rapidly flattens at about 20 permil. In the interpretation of Bowman, Willett, and Cook (1994) , this segment corresponds to the downstream part of the isotope front where no alteration of the pre-existing carbonate has occurred. This anomaly is best explained as an influence of the underlying Flysch however (see fig. 4 ). Northward, the calc-mylonite O-isotope composition rapidly converges toward the Flysch oxygen isotope composition rather than toward a marine Mesozoic carbonate signature ( fig. 11 ). We think that most of the calc-mylonite in the northern part formed by precipitation of veins from fluids expelled from the underlying Flysch (see below). This interpretation also explains the weak dispersion of ␦ 18 O values in the north. In the southern part, the marked heterogeneity reflects contrasting calcite ␦ 18 O signatures resulting from a mixture of variably altered marine carbonates and secondary calcite precipitated from an external 18 O-depleted fluid (see Bowman, Willett, and Cook, 1994) .
In the northwestern part of the study area, Mesozoic marine carbonates are found in the hangingwall thrust over Flysch in the footwall. Here the calc-mylonite at least partly consists of highly sheared carbonates derived from the hangingwall. which have interacted with slightly 18 O-depleted fluids coming from the Flysch below. Accordingly, calcite ␦ where and D is the dispersion/diffusion coefficient. The Pecklet number expresses the relative contribution of advective to diffusive/dispersive transport mechanisms (Bickle, M. J., and Baker, A. J., 1990) . High Peclet numbers (ϱ) stands for advection-dominated transport.
Calcite ␦ 18 O and ␦ 13 C Vertical Profiles Across the Thrust The isotopically contrasting footwall and hangingwall lithologies may be regarded as two distinct carbon and oxygen reservoirs, which exchanged material by diffusive/ dispersive and advective transport. In the south, where the main flow component most likely was thrust parallel, consideration of the vertical isotope variation within the framework of 1-D models in the direction perpendicular to the thrust may be employed to investigate cross thrust transport components (see also Abart and others, 2002) . The trend of increasing ␦
18 O values from 11-15 permil at the thrust contact to 24 permil 7 meters below ( fig. 6 ) is interpreted as an isotope front, which developed by isotopic exchange of the footwall carbonates with a relatively 18 O depleted reservoir. From the Verrucano/calc-mylonite contact down into the footwall, the calcite ␦ 13 C values describe a very sharp increasing trend ( fig. 6 ). This exchange front is significantly retarded with respect to the oxygen isotope front. In the hangingwall, very sharp ␦ fig. 12, left) is to regard the Fig. 12 . Diagrammatic illustration of transport isotope step for different boundary conditions. On the left, the uniform flow advection displaces step and diffusion/dispersion smoothes this step. On the right, the pinned boundary solution indicates that copious flow in the lithology X, mainly parallel to layering, maintains the isotopic composition at the boundary at a constant value. Both diffusion/dispersion and a smaller component of flow transport this isotopic composition into the lower layer (modified after Bickle and Baker, 1990) transport parameters, that is, fluid flow velocity and effective oxygen diffusivity as constants across the thrust (homogeneous flow model, according to Bickle and Baker, 1990) . In this case the isotope composition is given by equation (1).
The corresponding model curves fitted to our data are shown in figure 13 . The characteristic diffusion lengths are 3, 3, and 6.8 meters for the Mutta Rodunda, Vorab Pign, and Grauberg localities. The corresponding advective front displacements are 2.3, 2.3, and 3.8 meters downwards from the thrust. Considering the footwall carbonates as pure calcite and the fluid as pure water at 300°C and 3 to 4.5 kbar results in Kd ϭ 1.5 (see above). This yields TIFF of 3.45, 3.45 and 5.7 m 3 /m 2 for Mutta Rodunda, Vorab Pign and Grauberg respectively for the downward infiltration of fluids into the footwall. This is three orders of magnitude lower than the calculated TIFF of flow along the thrust. The characteristic diffusion length and advective front displacements obtained for carbon is significantly smaller (see fig. 13 ). The strong retardation of the carbon, with respect to the oxygen fronts testifies to a very low carbon to oxygen ratio in the fluid on the order of 1/1000 to 1/100.
Considering the relatively minute isotopic effects in the hangingwall and the pronounced alteration halo below the thrust ( fig. 12, right) , one may, alternatively, regard the hangingwall as an infinite reservoir, which buffers the oxygen and carbon isotope compositions at the thrust contact (pinned boundary model according to Bickle and Baker, 1990 ). If downward transport is then regarded as a diffusive/ dispersive process, the isotope composition is given by (Crank, 1975) :
The corresponding model curves fitted to our data are shown in fig. 14. In this model, the entire transport is attributed to diffusion/dispersion. Accordingly, the inferred diffusion length of 3.2, 3.2, and 8.3 respectively, are larger than in the homogenous flow model. As in the previous model, the strong retardation of the carbon, with respect to the oxygen fronts testifies to low C/O ratios in the pore fluid. In figure 15A , the data from the calcites of the footwall carbonates describe an L-shaped pattern that testify to interaction with 18 O, 13 C depleted fluid (␦ 18 O ϭ 6 to 8 permil and ␦ 13 C ϭ Ϫ7 permil) that had a very low X CO2 (Bickle and McKenzie, 1987) . Oxygen diffusivities derived from the characteristic diffusion length and retarded flow velocities for geologically relevant time scales are given in table 2. These are well within the range of oxygen diffusivities that would be predicted for porous rocks from experimental data on the self-diffusion of H 2 O in water.
In summary, modeling indicates that cross thrust transport is several orders of magnitude slower than thrust parallel transport inferred from the south-north oxygen isotope front as attested by the differences in TIFF. Cross thrust fluid transport is significant, however, and preferentially in the downward direction leaving their imprint on the uppermost few meters of the footwall carbonates.
Hydrodynamic dispersion on either side of the thrust contact is the most plausible explanation for the observed alteration in the hangingwall. Fluids flowing along the thrust penetrate the footwall and hangingwall by hydrodynamic dispersion. If a fluid has traveled through the footwall and has been enriched in 18 O and 13 C before infiltrating the hangingwall, a slight enrichment of the Verrucano will result. Details of these processes are discussed in Abart and others (2002) .
In the northern area, decreasing trends of calcite ␦
O and ␦ 13 C values have been identified from the thrust up into the hangingwall ( fig. 7) , whereas footwall and calc-mylonite are indistinguishable in ␦ 18 O and ␦
13
C. No sign of downward infiltration of fluids can be detected in the footwall. These observations are best explained by Flysch-derived fluids infiltrating upward into the VF. The calc-mylonite itself is ex- Burkhard and Kerrich, 1988) . The compositions of the suspected fluid with which the carbonates interacted is indicated by a black box. The suggested exchange trend between the carbonates and a depleted external metamorphic fluid is indicated on the lower right. The exact trend depends on X CO 2 . With X CO 2 close to 0 it has a typical L shape, if X CO 2 increases the curve becomes smoother. (B) Isotopic composition of Verrucano calcites from different sites along the Glarus thrust in ␦
18
O versus ␦ 13 C. Verrucano unaltered compositions are indicated by gray box (according to Burkhard and others, 1992) . The compositions of the suspected fluid with which the Verrucano interacted is indicated by a black box. The suggested exchange trend between the Verrucano and an enriched fluid is indicated on the lower right. The exact trend depends on X CO 2 . With X CO 2 close to 0 it has a typical L shape, if X CO 2 increases the curve becomes smoother. plained as a secondary calcite mineralization along this lithological/tectonic boundary. The gradient in the Verrucano can be interpreted in terms of a coupled advective and diffusive/dispersive infiltration (or advection and kinetically-controlled exchange) of 18 O and 13 C enriched Flysch-derived fluids. A scenario ( fig. 12, right) , where the footwall is regarded as an infinite reservoir that buffers the oxygen and carbon isotope compositions at the thrust contact (pinned boundary model according to Bickle and Baker, 1990) can be modeled if upward transport is regarded as a diffusive/dispersive process. The isotope composition is given by equation (5). The corresponding model curves fitted to our data are shown in figure 16 . The inferred diffusion lengths of 2.99 meters (Piz Dolf), 6.4 meters (Chuebodensee), and 9.1 meters (Lochsite), respectively, for oxygen and 1.8 meters, 1.6 meters, 1.97 meters, respectively, for carbon increase from south to north. In other words, the upward transport component increases northward.
Another alternative is that calcite saturated fluids equilibrated with the Flysch escaped upward into the hangingwall where they lead to the formation of calcite veins. The latter would be increasingly depleted in 18 O and 13 C due a Rayleigh distillation effect (see for example, Abart and Pozzorini, 2000) .
The relatively weak retardation of the carbon, with respect to the oxygen fronts may testify to relatively high C/O ratios in the pore fluid. When looking at figure 15B, we could infer X CO 2 ϭ 0.3 at Chuebodensee and Lochsite and X CO 2 ϭ 0.4 at Piz Dolf (see Baumgartner and Rumble, 1988) . Such a high X CO 2 is compatible with a formation of the calc-mylonite by the precipitation of calcite veins. In the north, fluids with high X CO 2 and with ␦ 18 O and ␦ 13 C equilibrated with the Flysch are ponded below the VF, where they precipitate abundant calcite veins, before infiltrating the overlying VF.
Large Scale Isotopic Variations Within the Verrucano Formation
The increase of calcite ␦
18 O values in the Verrucano 10 meters above the thrust from 10 to 12 permil in the south to 17 permil in the north could potentially be interpreted as an even larger north-south isotope front than the one observed within the Lochsiten calc-mylonite. The entire Verrucano formation with an original calcite ␦
18
O of 17 permil could have been infiltrated by an 18 O depleted fluid coming from farther south and escaping to the north. In this interpretation, the southernmost ␦ 18 O Table 2 Fluid flow parameters in three vertical profiles
O data of calc-mylonite in three vertical profiles of the southern part of the Glarus overthrust. The calculation is based on transport theory. t is time, D is the dispersive/diffusive coefficient and is the mean interstitial particle velocity for the downward infiltration system that occurred in the southern part of the Glarus overthrust. Bickle and Baker (1990) fig. 9) , a relationship that could be interpreted as closed system behavior (Burkhard and Kerrich, 1988) . Vein-Matrix pairs from both Verrucano and footwall carbonates, however, display very large deviations from their typical unaltered protolith composition in both ␦ 18 O and ␦
13
C. This contrast gives clear indication for the infiltration of external fluids into both of these rock reservoirs. These fluids were quickly rock-buffered as they traveled through these two lithologies prior to precipitating veins with an isotopic signature close to equilibrium with their immediate wall rock. Ongoing deformation and associated dynamic recrystallization must have helped to continuously re-equilibrate older matrix and vein material with new fluid batches in order to progressively enlarge the Verrucano and footwall carbonate alteration zones. In the Flysch on the other hand, a tight clustering of ␦ 18 O and to a lesser degree in ␦ 13 C around a typical protolith value and the absence of any isotopic gradient toward the thrust contact provides evidence for an abundant internally buffered fluid escaping upward and preventing the downard infiltration and lateral seepage of any external fluid. Sr data available to provide a sound basis for such a modeling attempt. At the northern Sardona site, we were unable to detect any systematic vertical trend on a slab with more than 15 centimeters width. This lack in trend is attributed to the fact that the analyzed slab of calc-mylonite consists mostly of secondary vein calcite with a very chaotic "foliated gauge" texture and mechanical mixing of calcite could have strongly contributed to the homogenization of the 87 
Insights Into the Origin and Formation of Lochsiten Calc-mylonite
The origin of the Lochsiten calc-mylonite layer has puzzled geologists for over 150 years and still is a matter of debate. In the classic view (see for example, Heim 1921, p. 10 ff.), this layer represents an extremely thinned out inverted limb of a recumbent fold, connecting Mesozoic carbonates in the Helvetic nappes of the hangingwall with similar carbonates of the Infrahelvetic complex in the footwall. Superplastic behavior has been postulated in order to explain the apparent weakness of this limestone thrust horizon and its extreme thinning without necking (Schmid, Boland, and Paterson, 1977) . Based on istotopic and structural observations made within the Lochsitenkalkmylonite this now widely accepted view has recently been questioned again (Burkhard and others 1992; Badertscher and Burkhard, 2001) . Earlier extreme views include Rothpletz's (1883) who interpreted the entire (brittle) thrust fault as being mineralized by secondary calcite. Detailed isotopic measurements presented here provide new constraints to this old question. In the northern areas, where Verrucano is overriding Flysch in the footwall, the Lochsitenkalk mylonite with a thickness between 0.5 and 5 meters appears to be predominantly made of a pile of intricately folded and disrupted veins separated from each other by dark stylolitic seams. There is little if any structural and no isotopic evidence for a marine carbonate origin of the calc-mylonite at these northern sites. Further south, however, two different types of mylonites are distinguishable. Within the topmost few meters to decimeters, increasingly mylonitized carbonates are clearly derived from the underlying Mesozoic footwall rocks. Here, "true" Lochsitenkalk of secondary, vein origin (in our narrow definition) is restricted to a thin but continuous band of 5 to 15 centimeters thickness, separating the Verrucano hangingwall from the footwall. The same observation can be made at the top of carbonate thrust slices with dimensions of 10's to 100's of meters, occasionally found immediately below the thrust contact, apparently dragged over some kilometers northward on top of Flysch.
conclusions
In the Glarus area, fluid flow pathways have been derived from stable and Sr-isotope systematics ( fig. 17) . Two regions of different flow regimes, approximately separated by the carbonate/Flysch boundary in the footwall, have been documented. South of the carbonate/Flysch boundary, externally derived fluids were strongly channelized along the thrust in a general northward direction of flow (Burkhard and others 1992; McCaig and others, 1995) . These fluids, with an initial ␦ 18 O of 6 to 10 permil have been transported by a coupled advective and dispersive/diffusive process and lead to a pronounced large-scale oxygen isotope front within the calc-mylonite. A Pecklet number N Pe of 12.8 to 39.5 for this flow system documents a highly dispersive/ diffusive transport mechanism. The characteristic length of dispersion/diffusion of 0.36 to 2.3 kilometers cannot be accounted for by molecular diffusion alone and hence hydrodynamic dispersion is inferred to have played a major role (compare Bowman, Willett, and Cook, 1994) . The regional trend of 18 O signature of the calc-mylonite may have been significantly influenced also by cross thrust transport components (Abart and others, 2002) . Observed 18 O and 13 C enrichments within the lowermost 50 to 100 centimeters of the hangingwall Verrucano are interpreted as due to transversal hydrodynamic dispersion, mainly accommodated by fracture flow which lead to the addition of secondary calcite in the form of veinlets (Abart and others, 2002 Sr Ͼ0.715 and a X CO 2 ϭ 0.1 in apparent equilibrium with overlying Verrucano rocks. A downward directed TIFF of 3.45 to 5.7 m 3 /m 2 is calculated from the shape of isotopic profiles, indicating that the cross thrust, downward infiltration is three orders of magnitudes smaller than the channelized south-north flow component, for which a TIFF of 4500 to 9100 m 3 /m 2 has been obtained. In our preferred fluid flow model, the downward gradients are therefore interpreted as lateral seepage of an important channelized northward flow of fluids originating from a more distant "metamorphic" source.
In the northern areas, calcite ␦
18
O values of the calc-mylonite are strongly clustered around 20 permil, in apparent equilibrium with underlying Flysch, but far from the isotopic composition of a supposed Mesozoic carbonate protolith (25 permil). In terms of isotopic signatures, this part of the thrust cannot be simply interpreted as the downstream segment of channelized flow as previously proposed (Burkhard and others 1992; Bowman, Willett, and Cook, 1994) . Vertical isotope profiles into the overlying Verrucano hangingwall require a strong upward fluid flow component (Abart and others, 2002) . The obvious source are calcite saturated fluids in equilibrium with the dewatering Flysch escaping upward and forelandward (Marquer and Burkhard, 1992; Oliver, 1986) . Such fluids are responsible for the precipitation of abundant veins at the thrust contact, leading to the precipitation of a meter thick accumulation of secondary calcite in the form of Lochsitenkalk with a regionally almost constant ␦
O and ␦ 13 C signature. Ongoing, alternating brittle and ductile deformation of this layer is responsible for the formation of a conspicuous "foliated gouge" texture of this Lochsitenkalk (Badertscher and Burkhard, 2001) . Flysch derived fluids with a ␦ 18 O of about 15 permil, an initial ␦ 13 C of about. ϩ 2 permil and a X CO 2 ϭ 0.3 to 0.4 infiltrated the hangingwall, where a decreasing number of calcite veinlets are responsible for an alteration zone extending several meters upward into the Verrucano Formation. Upward decreasing ␦ 13 C values are interpreted as due to a Rayleigh type fractionation associated with a progressive decrease in X CO 2 of the infiltrating fluid. This important additional fluid source obscures any isotopic signature of the thrust parallel fluid flow identified further south. Most likely, however, channelized flow along the thrust was confined to the deeper, southernmost parts of the Glarus thrust while a general upward dissipation of these same fluids into the hangingwall seems to have occurred further north.
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